In this paper we obtain a heavy meson bound state equation from the heavy 
I. INTRODUCTION
Very recently, we have developed an effective field theory to describe the nonperturbative QCD dynamics of heavy mesons [1, 2] . This theory has incorporated in it heavy quark effective theory (HQET), and is thus consistent with heavy quark symmetry (HQS) in the infinite quark mass (m Q → ∞) limit. In this effective field theory, a heavy meson is considered as a composite particle consisting of a reduced heavy quark (heavy quark in the m Q → ∞ limit) coupled with the light degrees of freedom. A structure function Ψ(v · p q ), corresponding to the wave function of the heavy meson bound state, is introduced to describe the quark-meson vertex in the effective Lagrangian. By combining such an effective Lagrangian for the composite heavy mesons with the 1/m Q expansion of the heavy quark QCD Lagrangian, we can systematically evaluate various 1/m Q corrections to heavy meson properties in a covariant field-theoretic framework [2] .
In our previous works [1, 2] , the heavy meson wave function Ψ(v · p q ) is taken to be a phenomenological function. Specifically it is assumed to be a Lorentzian function, Ψ(v·p q ) = 1/(v·p q +ω) n , in which the parameters ω and n are determined phenomenologically by fitting to the B meson decay constant f B ; hence its relation to nonperturbative low-energy QCD dynamics is not clear. In this paper, we attempt to determine the heavy meson wave function from a QCD-based bound state equation. The bound state equation of heavy mesons is obtain from the heavy quark equation of motion in HQET which is incorporated in our effective field theory. This heavy meson bound state equation is a covariant extension of the light-front bound state equation we obtained recently from light-front QCD and HQET [3] .
With the bound state equation for Ψ(v · p q ), we can use a variational procedure to determine its soluton. [1, 2] . In heavy quark effective theory (HQET) [5] , the QCD Lagrangian is expanded in powers of 1/m Q :
where the reduced heavy quark field h v is defined from the full heavy quark field Q by
2) v µ is the heavy quark four velocity which is defined to be equal to that of the parent heavy meson, and
flavor-spin symmetry (or simply heavy quark symmetry, HQS), whereas the symmetry breaking part L m Q contains 1/m Q corrections to
The effective Lagrangian we have constructed to describe the low energy dynamics of heavy mesons reads [1, 2] :
where P v and V µ v represent respectively the composite pseudoscalar and vector heavy meson fields which appear only as external states,
is their common residual mass in the heavy quark limit,
represents collectively the light degrees of freedom in a heavy meson, where Ψ(v · p) is heavy meson wave function mentioned earlier, p q is the light antiquark momentum, and G is the normalization constant given by 
where Γ P = iγ 5 for pseudoscalar (H = P ), Γ V = − ǫ for vector mesons (H = V ), and p q is the momentum of the light degrees of freedom. Each vertex also carries a momentum conservation factor of (2π)
(ii) The internal heavy quark and light quark propagators are,
respectively, where k is the residual momentum of the heavy quark, and m q the constituent mass of the light quark.
(iii) An integration factor d 4 p/(2π) 4 is associated with each internal momentum p, and a factor (−1) should be included for each fermion loop.
(iv) For all other lines and vertices not attached to heavy mesons (mostly from L m Q ), standard Feynman rules apply. Hence 1/m Q corrections to various quantities can be calculated using standard field theoretic perturbative approach [2] .
B. Heavy meson bound state equation
In HQET, the reduced heavy quark field h v obeys the following equation of motion
where
To ensure that our effective field theory, Eq.(2.3), is consistent with low energy QCD dynamics of HQET, Eq.(2.1), we require that in the heavy quark limit, the heavy meson
Strickly speaking, this matrix element must be calculated in a nonperturbative manner of QCD, which is however beyond our present day knowledge of QCD. To circumvent this predicament, we shall adopt an effective gluon propagator which contains a long-distance contribution as well as the familiar perturbative one [6] :
where g s is the QCD coupling constant, and the coefficient Λ pictorially by Feynman diagrams shown in Fig. 1 .
As discussed in [1, 2] , from the constraint that it forbids on-mass-shell decay of the heavy meson into Qq, a possible form of the heavy meson wave function Ψ(v · p q ) is given by
where the function ϕ(v · p q ) is regular at v · p q = Λ. Then, applying the diagrammatic rules stated in Sec. IIA to Fig. 1 , we can easily translate Eq.(2.12) into the following expression, 
which is indeed a covariant generalization of the light-front bound state equation for heavy mesons we have previously derived [3] , and it is also the heavy quark limit of the BetheSalpeter equation for heavy mesons.
Using the normalization condition of Ψ(v · p q ), we can simplified Eq.(2.15) to
. In this section we shall determine the heavy meson wave function ϕ(v · p q ) through a variational procedure. The first step is to choose an appropriate trial wave function. As discussed in [1, 2] , we demand that the wave function should be relatively well behaved, by which we mean that, when continued into the complex p q plane, (i) ϕ(v · p q ) is analytic except for isolated singularities, and (ii) it vanishes "fast enough" as |v· q| → ∞. These two constraints also allow us to easily derive various relativisitic and/or light-front quark models results as special cases in our effective field theory [1, 2] .
In various existing light-front or relativistic quark models, two types of distribution functions have been widely adopted for phenomenological hadronic wave functions. One is the exponential(Gaussian)-type and the other the Lorentzian-type. The former can be excluded since it does not simultaneously satisfy the two constraints stated above [1, 2] . On the other hand, we find that Lorentzian-type functions of the form,
do meet our requirements [1, 2] , and will be taken as the working trial heavy meson wave function in this work. It is interesting to note that such a choice of ϕ(v · p q ) corresponds to a covariant light-front wave function [7] of the form
where N L is a normalization constant, p 2 q = m 2 q , and n > 4 is required to ensure convergence.
For the sake of demonstration, we first consider the naive case of ignoring of the confining interaction between the heavy quark and the light degrees of freedom, i.e. Λ c = 0, so that color Coulomb interaction is solely responsible for binding the quarks together. We find that, for n = 6, a minimum with Λ = 0.192 GeV can be found at ω = 0.03. However a wave function with such a small ω is unrealistic because it contains too little high momentum components. In other words, the wave function is too extended in configuration space, as would be expected since we have ignored the confining part of the inter-quark interaction.
With an appropriate non-zero Λ c , physically sensible results can be obtained. In what follows, we will take α s = 0.44 and m q = 0.22 GeV, which are close to the values used in our previous work [2] . With the confinement strength taken to be Λ c = 0.665 GeV, we determine the wave function parameter ω by minimizing Λ. The results are listed in the Table I , where
which is not sensitive to the choice of n. This value of Λ is somewhat larger than our previous result of Λ = 0.33 ∼ 0.34 GeV obtained in [2] . The difference is mainly due to the confinement effect which is not considered there. It is worth emphasizing that, in our previous work [2] , the parameter ω is fixed phenomenologically by fitting to f B = 180 MeV from lattice gauge calculations (it is experimentally unknown). In the present work, we have dynamically determine the wave function ϕ(v · p) by minimizing the blinding energy Λ from the QCD-based bound state equation. This is a significant improvement which helps to raise the predictive power of our heavy meson effective theory.
III. PSEUDSCALAR AND VECTOR HEAVY MESON MASSES
In this section, we shall use the bound state solution obtained in the previous section to calculate heavy meson masses up to order 1/m Q . This will in turn yield more consistent results for λ 1 and λ 2 than those obtained in [2] .
In 
With these 1/m Q corrections included, the heavy meson masses can be expressed as
where Fig. 3 ), and d H = 3(−1) for pseudoscalar (vector) mesons [2] . In Eq. (3.2), λ 1 parametrizes the common mass shift, and λ 2 accounts for the so called hyperfine mass splitting between the vector and pseudoscalar heavy meson.
They can be directly calculated once the heavy meson wave function ϕ(v · p) is determined from the variational approach presented in Sec. IIC.
Expressions for λ 1 and λ 2 are essentially the same as those given in [2] , except that here we use the effective gluon propagator (2.13), which is more appropriate for physics in the low energy regime. Thus we have
and
Note that since the chromo-magnetic interaction vanishes at q = 0 (p q = p Table II . MeV. * * There are no experimental data for the constituent quark masses m b and m c , and the pole masses are displaced [12] .
IV. SUMMARY AND CONCLUSION
We know that HQS and confinement mechanism are crucial ingredients of nonperturbative QCD dynamics in heavy hadrons. However they are rarely incorporated in quark models in a fully covariant manner. In this work, we attempt to establish a link between quark model and low-energy QCD dynamics in an effective field theoretic approach, in which the heavy meson wave function is determined variationally. Our effective theory preserves the simplicity of a conventional quark model; in fact, for heavy quark transitions, we can reproduce the covariant light-front quark model [7] as a special case. The light-front quark model has been widely used to describe heavy meson structures. However, because its relation to QCD is not clear, it is incapable of describing the hadronic mass spectrum. Moreover, the model is not fully covariant, so that it can only describe physical processes with spacelike momentum transfers [8, 9] . In the present formalism, we can study hadronic bound state physics in a covariant framework; moreover, a connection to low-energy QCD dynamics has also been established. Thus our heavy meson effective theory, together with the nonperturbatively determinated heavy meson wave function, provides a useful QCD based framework in which to study heavy quark physics in the low energy regime.
We have adopted a self-consistent procedure to determine the heavy meson wave function, the binding energy Λ, as well as its 1/m Q corrections λ 1 and λ 2 . ¿From these HQET parameters, we can determine the heavy quark masses m b and m c in the low energy regime by fitting to the B * − B and D * − D hyperfine mass differences. For these static properties, our results are consistent with other studies on inclusive B-meson decays [4] .
A great advantage of our formalism is that we can unambiguously study hadronic transition processes at arbitrary momentum transfers. Using the heavy meson wave function determined in this paper, we can further calculate dynamically the heavy meson decay constant (which is usually considered as an input in various quark models for heavy mesons) and other hadronic properties such as the Isgur-wise function, DD * π and DD * γ coupling constants, and also their 1/m Q corrections. The results will be presented in forthcoming papers.
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